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Abstract

The clinical relevance of the Human Genome Project and next generation sequencing technology
was demonstrated for the first time in 2009, when whole-exome sequencing (WES) provided the
definitive diagnosis of congenital chloride diarrhea in an infant with presumed renal salt-wasting
disease. Over the past decade, numerous studies have shown the utility of WES for clinical
diagnosis as well as for discovery of novel genetic disorders through analysis of a single or a
handful of informative pedigrees. Hence, advances in improving the speed, accuracy and
computational analysis combined with exponential decrease in the cost of sequencing the human
genome is transforming the practice of medicine. The impact of WES has been most noticeable in
pediatric disorders and oncology, but its utility in the liver clinic is recently emerging. Here, we
assess the current status of WES for clinical diagnosis and acceleration of translation research to
enhance care of patients with liver disease.

Over the past decade, advances in human genetics and genomics through next generation
sequencing (NGS) technology is transforming the practice of medicine. The first draft of the
human genome sequence was released in 2001(1, 2) and completed in 2003. It revealed
approximately 20,000 protein-coding genes that comprise the human genome.
Simultaneously, convergence of advances on several fronts have improved the speed, cost
and accuracy of sequencing of all 20,000 genes through the development and optimization
of NGS technology. NGS(3) is also referred to as massively parallel sequencing or deep
sequencing, and whole-exome-sequencing (WES) is one of its applications. Here, we focus
on the diagnostic utility of WES in the hepatology clinic and its potential to refine our
contemporary taxonomy of liver disease with far-reaching implications.
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A decade of whole-exome sequencing for clinical diagnosis and human

disease gene discovery

A landmark in history of human genomics occurred in 2009 when WES was first applied for
clinical diagnosis(4, 5), including an unanticipated diagnosis of congenital chloride diarrhea
in an infant with suspected renal salt-wasting disease(4), and in another patient, to discover a
novel genetic defect underlying a multisystemic syndrome of unknown cause(6). Since then,
multiple studies have demonstrated the value of WES in clinical diagnosis and human
disease gene discovery(7). Moreover, these discoveries have led to novel insights into
disease mechanisms, provided new diagnostic tests, as well as identified new therapeutic
targets. Thus far, the phenotypic consequence of genetic variants in only 20% of genes
comprising the human genome have been delineated(7). Considering that up to 30% of
human genes when mutated are likely to be embryonically lethal; there are as many as
10,000 genes which when mutated could impact human health in ways we have yet to
understand(8). Moreover, the full phenotypic spectrum of most gene alterations remains to
be defined as the majority of genotype/phenotype correlations are confined to the classical
phenotypes only. Hence, it is expected that there are many unrecognized Mendelian traits
embedded within the contemporary taxonomy of liver diseases.

What should hepatologists understand about whole-exome sequencing?

The exome corresponds to the coding regions (called exons) of the ~20,000 genes that
comprise the human genome. The exome represents only ~1% of the entire genome, yet it is
estimated to harbor the majority (~85%) of DNA alterations that cause human disease(4).
Genomic DNA can be isolated from a diverse array of materials, such as blood, buccal
swabs, saliva, paraffin embedded tissue blocks and dry blood spots. The latter is particularly
useful if samples require shipping long distance from resource-limited areas of the world.
WES, which consists in sequencing the coding part of most of our 20,000 genes, comprises
two key components: (i) the library preparation from source DNA, including exome capture,
followed by next generation sequencing, and (ii) the bioinformatics processing and analysis
of WES data. In brief, the computational pipeline encompasses (i) the mapping and
alignment of the individual WES data to the reference human genome, (ii) the variant
calling, that permits identification of the nucleotide bases in the proband that are different
from the reference human genome sequence, and (iii) the annotation of the variants for
minor allele frequency (MAF), amino acid changes, prediction of deleteriousness using 7
sifico prediction methods [e.g. SIFT(9, 10), PolyPhen-2(11), CADD score(12, 13),
MetaSVM(14)], amino acid conservation across species, tissue expression, among others.
Variants are then prioritized based on this information. The general prerequisites for a gene
variant to be disease causing (pathogenic) are two-fold. First, the genetic variant must be
rare (MAF<1%) in the general (unaffected) population; in other words, the higher the
frequency, the lower the probability for it to be causal of a rare disease. Second, the genetic
variant must affect protein function; thus, damaging mutations, such as premature
termination, frameshift and splice-site mutations are prioritized, followed by missense
mutations predicted to be deleterious by aforementioned /7 sifico algorithms. Genome
aggregation database (gnomAD), the largest publicly available genome database, contains
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the information of 125,748 exome sequences and 15,708 whole-genome sequences(15). The
goal of WES is to identify rare (MAF<1%) disease-causing protein-coding gene variant(s),
establishing genotype-phenotype causality. It is important to highlight the difference
between WES and genome wide association studies (GWAS), which aims to identify an
association between common variants and complex diseases. In contrast to rare pathogenic
variants that predominantly occur in exons, common genetic variants typically occur in non-
coding regions of the genome (introns) - but may occur in coding regions - have a small
effect size, and therefore are insufficient to independently cause disease. A classic example
is the PNPLA3 polymorphism (p.1148M, rs738409) that confers risk for non-alcoholic fatty
liver disease (NAFLD) and alcoholic liver disease(16, 17).

Where could hepatologists be missing liver-related genetic traits?

Children with chronic liver disease represent an enriched population with single gene
disorders, and therefore many of known genetic causes of liver diseases present during
childhood(18). Thus, genetic liver disorders are traditionally associated with pediatric
hepatology practice, where NGS for timely diagnosis has been progressively embraced over
the past years(19). There is extensive experience of application of WES in non-hepatic
pediatric disorders. In 2013, WES of 250 consecutive participants referred for evaluation of
a possible genetic condition yielded a genetic diagnosis in a quarter of these patients(20);
and in 2016, deep phenotyping and WES in 41 probands with intellectual developmental
disorder and unexplained metabolic abnormalities led to a diagnosis in as many as 68% of
the cases(21), one of the highest diagnostic rates reported. Other independent studies have
consistently reported WES diagnostic rates of 20% or higher (22-25). Furthermore, we and
others have successfully combined WES with deep phenotyping (i.e. detailed
characterization of each patient’s phenotypic features) to identify the underlying genetic
defects in infants and children with idiopathic liver diseases, including children with liver
failure of indeterminate etiology(18, 19, 26-32). Astute clinical annotation (i.e.,
comprehensive phenotype description of the patient) is central to harnessing the maximal
potential of genomic data(29, 33). Notably, the vast majority of these studies have been
performed in pediatric populations and in cancer patients. Hence, the value of WES in the
diagnosis and management of adult patients with non-oncological diseases is only recently
emerging(25, 33-36). In fact, in adult hepatology clinic, Wilson disease, hemochromatosis
and alpha-1 antitrypsin deficiency, are routinely investigated as part of a comprehensive
work-up for liver test abnormalities and/or advanced liver disease by using single gene
and/or gene panel test(s). When this work-up is unrevealing it usually stops there. As an
example, hemochromatosis could be due to loss-of-function mutations in five distinct genes,
namely HFE, HJV, HAMP, TRFZ2, SLC40A1, but only HFE gene is typically sequenced. In
a recent study of 19 patients with idiopathic liver disease despite a comprehensive work-up
performed by a hepatologist, WES provided a genetic diagnosis in five of these patients
(~25%), uncovering four distinct monogenic disorders. This study identified five patients
with up to two decades of misdiagnosis who in fact harbored Mendelian disorders previously
unrecognized and highlight the utility of WES in patients with undiagnosed liver disease.
Therefore, appropriate use of WES has the potential to reveal the contribution of monogenic
disorders in adult hepatology practice with immediate implications for timely diagnosis and
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adequate clinical management targeted to the underlying molecular pathogenesis of disease.
An obvious subset of patients that may harbor unrecognized genetic disorders affecting the
liver are those suffering from liver disease of unknown cause. Additionally, patients who are
labeled as suffering from alcoholic liver disease, but their alcohol drinking habits do not
support the severity of liver disease; or from NAFLD, but were never overweight, should be
recognized by hepatologist(s) as undiagnosed and avoid the temptation to assign them into a
classical category of liver disease. Incorrect diagnosis can hinder access to optimal care and
in case of alcohol wrongly stigmatize the patient. Moreover, in adult medicine if cursory
family history is unrevealing, genetic disorders are often not further considered. Our
experience leads us to predict that we will identify a significant number of sporadic cases of
liver disease due to de novo mutation(s), which are DNA alteration(s) that occur de novoin
the affected individual and therefore are not inherited from biological parents(33); the
recognition and identification of such de novo mutations have been facilitated by the advent
of NGS.

When should WES be used in adult hepatology clinical practice?

Based on experience from our group(33), the Mayo Clinic Center for Individualized
Medicine(37) and data from investigators in other medical subspecialties(25, 34-36), WES
should be incorporated in the evaluation of adult patients with (i) a chronic and/or severe
phenotype of unclear cause with presentation in early adulthood; (ii) atypical clinical
presentation [e.g. lean NAFLD/ non-alcoholic steatohepatitis (NASH)]; (iii) presence of
congenital and/or syndromic features and (iv) multi-systemic involvement. Also, patients
with liver disease who are offspring of a consanguineous union or who have a positive
family history for liver dysfunction and/or hepatocellular carcinoma should be evaluated for
a genetic disorder (Figure 1). However, the absence of positive family history should not
deter any physician from pursuing genomic analysis if any of the other features are present.
In fact, in our series none of the five adult patients with idiopathic liver disease who attained
a genetic diagnosis(33) reported family history of liver disease. Lastly, as WES is getting
more widely used in clinical practice, it is already replacing the conventional single-gene
and gene-panel tests in large academic centers. WES creates the possibility of screening
most relevant liver disease genes at once, providing genetic diagnoses across diverse medical
subspecialties (Table 1), as liver disease can be a presentation of a liver-focused disorder or
the main clinical manifestation of a systemic, multi-organ, disease as illustrated in(33).
Moreover, there are cases in which WES identified mutations in genes known to cause a
disease distinct from the initial clinical diagnosis(22). For example, a pathogenic
homozygous mutation in MPV17that causes a hepatocerebral mitochondrial depletion
syndrome was identified in a patient with a (mis)diagnosis of Wilson disease based on
scoring systems described in AASLD and EASL guidelines(29). This example underscores
the importance of performing molecular studies for the diagnosis of Wilson disease and in
the absence of bi-allelic mutations in A7P7B, an alternative diagnosis should be considered.
It is important to recognize the known limitations of WES, which are mainly three-fold: (i)
False negatives. Some segments of the genome are not amenable to capture(38); (ii) Failure
to detect large genomic deletions and/or insertions; (iii) Failure to detect structural or
chromosomal abnormalities. Thus, for specific cases where these limitations are known
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barriers to diagnosis, whole-genome sequencing is being evaluated as an alternative to fill in
these gaps. However, for most clinical scenarios, WES is a valuable tool for clinical
diagnosis and acceleration of translation research that will benefit the patient. Importantly, it
is enabling the recognition of an expanded range of liver-related phenotypes not previously
appreciated by physicians focusing on strict correlation of classical phenotypes with
genotypes(39). Hence, new genotype-phenotype knowledge is constantly being generated.
For this reason, reanalysis of “negative” WES should be performed in the clinical
management of patients with undiagnosed liver disease, where this new information is
incorporated and updated analytical pipelines might be used. In fact, WES reanalysis has
been shown to improve diagnostic rates in patients that remain without a molecular
diagnosis(40). An important prerequisite for use of genomic diagnosis in the clinic is the
need for genetic counseling pre- and post-whole exome sequencing test in order to address
potential personal and familial implications of incidental findings unrelated to the disease
under investigation and to discuss the meaning of a “negative” or “positive” WES report,
respectively. This aspect of patient management is especially important when the need arises
to expand the analysis from the “clinical exome’ (i.e., interrogating only the list of known
genes relevant to patient’s clinical signs and symptoms) to the rest of the exome. The cost of
WES is comparable to an abdomen MRI of the liver, and its turn-around time varies from a
few days (for urgent/emergent cases) to a few weeks (for routine cases). Together with
multiple examples where unbiased WES provided a timely diagnosis and ended a long and
costly medical odyssey, most of the medical insurances are moving towards providing
coverage for clinical WES, for which a pre-authorization form filled by the physician is
typically required(24). Importantly, the genetic information nondiscrimination act (GINA)
signed in 2008 protects individuals against discrimination from health insurance companies
and employers on the basis of genetic information. However, this federal law has the caveat
of not being applicable to life, disability and long-term care insurance companies.

Genome Rounds in Hepatology

Traditionally, hepatologists have excelled in detailed annotation of the pattern and natural
history of liver disease in their patients. Now with the advent of genomic analysis in the
clinic, it is possible to interrogate genomic data with the unique perspective of the clinician
(Figure 1). Moreover, increasingly sophisticated ability to annotate liver diseases at the
phenotypic and genotypic levels underscore the unprecedented opportunity to discover novel
human mutations to advance our understanding of liver diseases. Generally, we recognize
the importance of multidisciplinary Radiology and Pathology Rounds to discuss patient data
in individual context to frequently yield new insights not previously appreciated. We posit
that inclusion of WES results in such multidisciplinary forums, the Genome Rounds, will
advance patient-centered care for individuals with liver disease. Like most pathological or
imaging reports, clinical WES reports, which contain information on genetic variants found
in genes that are related to the phenotype, require clinical correlation. The classification and
interpretation of these variants (as pathogenic, likely pathogenic or variant of uncertain
significance) reflects the current state of scientific understanding at the time the report is
issued. Hence, it is essential that the genetic findings are integrated with clinical features in
such forums (Figure 1). In our experience, consideration of the most likely candidate gene
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variant can often lead to recognition of clinical signs and symptoms not previously
recognized, even by seasoned physicians(29, 33). It should be kept in mind that a variant of
uncertain significance (VUS) correspond to a genetic alteration which current information is
insufficient to determine pathogenicity and therefore a VUS should not be used in clinical
decision making. However, whenever possible, efforts to resolve the classification of such a
variant as pathogenic or benign should be undertaken. This might include to pursuing
familial segregation studies or to conducting functional studies if a variant occurs in a
candidate gene which a priori may underlie the patient’s phenotype. However, for many
VUS, the increased availability of variant frequency data from large population(s) paired
with phenotypic information will lead to the re-classification of VUS as benign(41). If no
differences from standard human genome reference sequence were found or only genetic
variants known to be benign polymorphisms or synonymous variants not predicted to affect
splicing were identified, the clinical WES report may state “no clinically significant genetic
variant related to this patient’s phenotype was identified” as data on benign variants are not
routinely included. On the other hand, certain common genetic variants in PNPLA3(16, 42)
and TM6SFA43) are associated with an increased risk for hepatic steatosis and advanced
liver disease whereas two common variants in HSD17B13(44, 45) have been identified as
protective alleles to the development of steatohepatitis and hepatic fibrosis. Future studies
are required to evaluate the interplay between these common variants and rare liver-related
disease genetic variants in clinical presentation and outcomes. Therefore, time is ripe for
developing an integrated forum where patient’s phenotype (including laboratory, imaging
and pathological findings) and genotype information are discussed. Such, Genome Rounds,
will advance the delivery of individualized medical care in hepatology, the development of
best clinical practices for application of genetic analysis in the evaluation of adult liver
disease as well as the design of clinical research and clinical trials. Genomic Rounds merge
basic, translational and clinical research, generate new genotype-phenotype knowledge,
foster scientific inquiry in trainees and colleagues, together, promoting the delivery of
excellent clinical care in the field of Hepatology(46).

Precision medicine delivered by a hepatologist

The Precision Medicine Initiative launched 4 years ago is defined as “an approach for
disease treatment and prevention that takes into account individual variability in genes,
environment, and lifestyle for each persor’. We now have the technology and knowledge to
integrate detailed genetic and molecular evaluation in clinical hepatology practice. By
studying the individual DNA alterations in adults with idiopathic liver disease, WES
analysis yielded a genetic diagnosis in approximately 25% of the cases(33). In each case, the
molecular pathogenesis of their underlying liver disease was decoded, which led to
discussion of available targeted therapeutic options, preventive medicine interventions and
adequate family counseling. To establish a genetic diagnosis, additional knowledge in
human genetics and genomics might be required if no similar pathogenic variants has been
reported. Forums such as Genomic Rounds in hepatology would be the appropriate setting to
integrate genotype with phenotype information (Figure 1). Further studies are ongoing to
assess the applicability of these findings to an ample liver disease population.
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On the other hand, another illustrative example of application of precision medicine in
hepatology beyond rare liver diseases, is through the recognition that the genetic risk for
hepatic steatosis conferred by common variants encoding PNPLA3p.1148M, TMESF2
p.E167K, and GCKR p.P446L is amplified by adiposity(42). Thus, patients who are carriers
of these variants should be informed and counseled about the known synergy between their
(high) BMI and genotype in the onset and progression of advanced liver disease and its
complications, such as hepatocellular carcinoma. In addition, since severity of disease varies
with genotype, this information should be integrated at the time of design and report of
clinical trials in NAFLD.

Concluding Remarks

By combining unbiased genomic analysis with exquisite deep phenotyping across liver
disease patients, we will advance our understanding of genetic contributions to adult liver
diseases. The increasing application of this approach will delineate liver disease at the
molecular level, enabling its stratification into distinct groups informed by genotype and will
refine the taxonomy of liver diseases. Ultimately, all stakeholders, patients, care providers
and payors, will benefit from such individualized, genome-based approach to diagnosis and
management of liver disease.
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Whole-Exome
Sequencing

Patients with Liver Disease Genome Rounds in Hepatology
1. who remains undiagnosed ;
2. with atypical presentation (e.g. lean NAFLD) Genotype- phenotype correlation
3. and congenital/syndromic features ' led by a hepatologist

4. and multisystemic disease
5. who are offspring from consanguineous union
6. with positive family history for liver disease

on
Diagnosis
Therapeutic Options
Prognosis

Figure 1.
Schematic representation of Genome Rounds and Precision Medicine in Hepatology.
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Table 1.

Examples of a diverse array of pediatric and adult liver-related disorders in which WES provides a definitive
diagnosis.

Clinical Applicability of WES in diagnosis and management of liver disease in...

Adults Children

MDR3 deficiency

Mitochondrial disorders

Lipid and lipoprotein metabolism disorders

Hereditary hemochromatosis

Wilson disease

Alpha-1-antitrypsin deficiency

Lysosomal storage disorders

Familial lipodystrophy disorders

Porphyria

Neonatal/Infantile cholestasis due to loss-of-function mutations in A7P8B, ABCB11, TIP2, NR1H4, MYO5B, JAG1, NOTCHZ,
DCDC2, KIF12...

Bile acid synthesis defects

Metabolic disorders

Acute liver failure due to loss-of-function mutations in NBAS, LARS...
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